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Response to Office Action 

C:iaims 1 , 3-6, 9-14, 16-20, and 27-30 were rejected under 35 U.S.C. 103(ii) as 
being obvious over Wooley by itself or in combination with Martin. 

The Claimed Invention 

The claimed invention includes vesicles made from triblock amphiphilic ABA 
copolyiT crs, where one of A or B is hydrophihc and the other is hydrophobic, which self- 
asscnible when dispersed in oil or water. The vesicles are hollow. Vesicles arc defined on 
page 4 as "spontaneously forming aggregates having a generally spherical shape and an 
interior "^oid." The resulting vesicles will have hydrophobic and hydrophilic layers 
an anged depending on the type of copolymer used. 

The claimed invention further includes naiiocapsules formed by stabilizing ihc 
vesicles made from ABA copolymers. The nanocapsulcs are also hollow. Stabilization 
can be tlirough crosslinking of the copolymers, such as crosslioking of end groups of the 
copolymers. 

The claimed invention further includes nanocapsules formed by end-group 
stabilizeaion of amphiphilic copolymers. The copolymers do not have to be triblock 
copolymers. 

Active agents can be encapsulated within the vesicles and the nanocapsules and 
targeLin]> molecules can be attached to Lhc vesicles aiid nanocapsules. 

Analysis 

112 Rejections 
The term "hoUoW^ 

The Examiner argues that the temi "hollow" as used in the claims is unsuppoited 
by the specification. In fact, the term is supported and is at the core of the invention as 
claimed. The tenn as added to the claims is redundant but was added to even more 
clearly umphasize the differences with the prior art to the Examiner. Ttic term ^Vesicle" 
is clearly defmcd in the specification on page 4 as "spontaneously forming aggregates 
having is generally spherical shape and an interior void." An interior void means that the 
vesicle is hollow. The tenn 'liollow*" is defined on the online Merriam Webster 
diclion£:ry (see Exhibit A) as ^'having a cavity witliin", such as a '^hollow tree''. Even 
though the interior ofthc tree is filled with air, it is still considered to be hollow. The 
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vesicles of the invenlion do not have polymer in the hiLerior, thus they have an interior 
void, i.e they arc hollow (see Exhibit B for the dermition of the Lenri 'Void" from Ihc 
online Merriam Webster dictionary). They most likely arc filled with fluid if they aj-e in a 
liquid cnviromnenl buL Ihcy are still ''hollow" as that term is coniiiionly used. 
ne Icrrn molecule" 

The Examiner maintains the rejection of claim 1 7 as indefinite due to use of the 
term "molecule". Claim 17 is directed to incorporation of a molecule into the vesicle 
membrane. 

As supported by Exhibit C, the common definition of the term molecule is that it 
is the smallest paiticle of a conipoiind (or protein, for example) that has the chemical 
propcrtii^s of that compound. In fact, ''one specific membrane protein" is not made of 
several molecules as stated by the Examiner. One membrane protein is a single molecule. 
This use of the term "molecule" is supported in depth in the specification on pages 19-21. 

I 02 Rejections 

Wooley 

This rejection is again traversed because the reference does not teach or suggest 
hollow vesicles- i.e. vesicles having a shell enclosing an interior void.* Wooley leaches 
micropanicles Tonned from ampliiphilic copolymers, having a crossliiiked shell and an 
interior :ore domain. The hydrophilic portion of the amphiphilic copolymer forms the 
shell domain and the hydrophobic poition forms the interior core domain, or vice versa. 

Ivlicelles ai'e commonly formed fi^om amphiphilic molecules, having a hydrophilic 
(or hydrophobic) head region and a hydrophobic (or hydropliilic) tail region. The 
amphipliilic molecules assemble into spherical structures wherein the heads are on the 
periphery of the micelle and the tails are clustered in the interior. The interior is not a 
void- micelles are not hollow. 

Methods of making the nanoparticles are described beginning on page 69. One 
method involves assembling the amphiphilic copolymers into amicellar structure and 
then crossliiiking the outer hydrophilic or hydrophobic heads. As discussed above, 
micellei; are not hollow- the tail regions are clustered in the interior. These tail regions 
can be crosslinked together, in one embodiment. 
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As further evidence that the nanopailicles taught by Wooley arc not hollow, sue 
Exhibit i:) and E, two articles from the Record, a school newspaper of Washington 
University in St. Louis school newspaper. Exliibit D, dated May 4, 2000 discusses 
''knedcF' nanop articles and states that Dr, Wooley had "recently announced" that she had 
"successfully hollowed out the knedcl core to produce 'nanocagcs' Bxhibit E, dated 
September 14, 2001, states that "In 2000, Wooley and rcscaixhers in her lab hollowed out 
the kncc.el core to produce 'natiocagcs\,.". These references show that in 1996, when the 
priority document for WO 97/49387 was filed, the "knedels" were not hoUow. 

Jixhihit F is provided to show thai the "knedels" referenced in the articles of 
Exhibits D and E are the particles disclosed in WO 97/49387. Under the "Materials and 
Methodi" section in Exhibit F, ii is stated that the experimental details for the preparation 
of tlic SCK (shell crosslinkcd knedcl) structure are provided in an article published in 
1997 (re;ferencc 21), and the description provided in Exhibit F corresponds to die 
structure described in Example 3 of WO 97/49387. 

The Examiner's Arguments 

The Examiner points to two sections oFthc reference for support that the particles 
of the reference are hollow- page 72, lines 19-22 and the paragraph linking pages 85 and 
86. On page 72, the reference stales "In prcpaiing particles of the present invention, 
crossl inking of the shell domain, the interior core domain, or both, can be achieved 
This simply means that the polymer making up the core domain may, or may not be, 
crosslinked. It does not mean that the "interior core domain" does not exist- i,e, that the 
core is empty (lioUow). Tliis does not imply that the core is not "solid"- it simply means 
that the core domain can be non-crosslinked material. 

The Examiner also points lo the paragraph spanning pages 85 and 86 which states 

The phantiaceutically active agent can be present in the particle dissolved 
in the interior core domain, or covalently attached to a component of the 
interior core domain, in tlie form ofa line dispersion within the interior 
core domain, or on the surface of the interior core domain, or at the 
interface between the crosslinked shell domain and the interior core 
domain. 
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llie term "dissolved" does not mean that the interior domain is a liquid. See the 
paragrafth directly above the one cited by the Examiner which states that the 
phaniiaceutically active agent can be "dissolved in the crosslinkcd shell domain". Surely 
the Examiner will not argue that the crosslinkcd shell domain is also a liquid. The term 
dissolved is used in the same way in the paragraphs- to mean that the agent is present in 
the polytncric domain. 

Pluyter 

'Die rejection of the claims over Pluyter is again traversed. The present claims are 
drawn to vesicles and nanocapsulcs comprising membranes that are fomied from 
amphipl i ilic copolymers . Pluyter teaches lamellar vesicles which may have copolymers 
"partially incorporated" therein (col. 5, lines 51-55). The copolymers may be attached to 
the vesicles or incorporated within the vesicles but they do not form the vesicle. In fact, 
the polymers make up only 0,1 - 1 0%, most preferably only 0.5 - 2% of the compositions 
(coL 3, lines 57-59). Applictmts do not need to limit their claims to slate that the 
membranes are "totally made from the copolymers'* as suggested by the Examiner. It is 
clear that the claimed ijivenlion differs substantially from tlie cited art in that the 
membranes are "formed from amphipliilic copolymers'". The claimed compositions, 
comprising lamellar vesicles having, at most 10% block copolymers, can not be said to be 
"formed from" the copolymers. 

Murlin 

The rejection of the claims over Martin is also traversed. Martin teaches 
liposomes forrned fi-om lipids. Tlie liposomes have block copolymers attached thereto. 
The inembranes are not "formed from amphiphilic copolyraci."s", as recited in the present 
claims. Again, Applicants do not need to limit the present claims to recite that they do 
not exclude liposomes and other material from contributing to the membrane, as 
SLiggestijd by the Examiner. 

103 Rejection 

IVfarlin does not teach stabilizing vesicles to fomi nanocapsulcs. Wooley does not 
teach hollow vesicles. Accordingly, these references, taken alone or in combination, do 
not anticipate nor render the claimed invention obvious. This rejection is traversed. 
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ConclasLog 

none of the references that were cited leach or suggest hollow vesicles or 
nanocap.snlcs formed Trom triblock amphiphilic copolynievs. None of the references 
leach or suggest nanocapsules rorrncdby end group crosslinking vesicles formed from 
OTiphiphilic copolymeTM. Accordingly, it is respectfully submitted that the references are 
not appropinatc as the basis of rejection of the claims. 

Respectfully submitted. 
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Pcndinti Claims 

1. (Previously Amended) Hollow vesicles comprising membranes Ibnned 
from dUTi phipliilic copolymers having hydrophobic and hydrophilic segments, wherein the 
copolymers are ABA copolymers, and wherein one of A and D is hydrophobic and the 
other IS hydrophilic, 

3 . (Previously Amended) Hollow nanocapsulcs formed by stabihzation of the 
vesicles of claim 1. 

4. (Previously Amended) Hollow nanocapsulcs formed by stabilization of 
vesicles comprising membranes formed from amphiphilic copolymers having 
hydrophobic and hydrophihc segments, wherein the vesicles are stabilized by end group 
polymerization of the copolymers. 

5. The nanocapsules of claitn 3, wherein Ihc vesicles are stabilized via 
crosslinJrirg of the copolymers. 

(k The nanocapsules of claim 4, wherein the copolymers are AB copolymers, 
wherein one of A and B is hydrophobic and the other is hydrophilic, 

9. The nanocapsules ofclaim 4, wherein an active agent is encapsulated 
within tlie naiiocapsule. 

1 0. The vesicles oT claim 1, wherein an active agent is encapsulated within the 

vesicle. 

.A. The nanocapsulcs ofclaim 3, wherein an active agent is encapsulated 
witliin tlie nanocapsulc. 

:2. The vesicles of claim 1, wherein the vesicles comprise a hydrophilic inner 
layer, a hydrophobic middle layer and a hydrophilic outer layer. 

13. The vesicles ofclaim 1, wherein the vesicles comprise a hydrophobic 
inner layer, a hydrophilic middle layer and a hydrophobic outer layer. 

14. The vesicles of claim 1 , wherein the copolymers are L/~shaped and the 
vesicles have a hydrophobic inner layer and a hydrophilic outer layer, or a hydrophilic 
inner layer and a hydrophobic outer layer. 

16. The nanocapsules of claim 4, wherein the polymerization is via 
p h o topolymerizali on . 
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1 7. (Previously Ametided) The vesicles of claim 1 , wherein one or more 
molccul^iS arc incorixiratcd into the vesicle membrane. 

1 8. The nanocapSLilcs of claim 3, wherein the hollow morphology of the 
nanocapijulcs is preserved when the nanocapsules are dry. 

19. The vesicles of cUuTn 1 , wherein the vesicles arc biodegradable. 

20. The iiaaocapsLilcs of claim 3, wherein the nanocapsules are biodegradable. 

27. ' The vesicles of claim 1 further comprising targeting nnolecules bound to 

the surface of the vesicles. 

28, The vesicles of claim 27 wherein the tiirgeting molecules are .selected from 
the group consi3ling of carbohydrates, proteins, folic acid, peptides, peptoids, imd 
antibodi 3s. 

7.9. The nanocapsules of claim 4, wherein the hollow morphology of the 
nanocapsules is preserved when the nanocapsules arc dry. 

:;0. The nanocapsules of claim 4, wherein the nanocapsules arc biodegradable. 
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ABSTRACT 

We demonstrate compaction of DNA with nanoscale 
bi mimetic constructs which are robust synthetic 
analogs of globular proteins. These constructs are 
-15 nm in diameter, shell crpsslinked knedel-like 
(SCKs) nanc'particles, which are prepared by covalent 
stabilization of amphiphlilc di-block co-polymer 
micelles, self-assembled in art aqueous solution. 
This eynthenic approach yields size-controlled nano- 
partlcles of persistent shape and containing posi- 
tively charcjed functional groups at and near the 
particle surface. Such properties allow SCKs to bind 
with DNA through electrostatic Interactions and facilitate 
reduction of the DNA hydrodynamic diameter 
through reversible compaction. Compaction of DNA 
by SCKs was evident In dynamic light scattering 
experiment Si and was directly observed by In situ 
atomic force microscopy. Moreover, enzymatic 
digestion oi the DNA plasmid (pBR322, d361 bp) by 
EcoRI was Inhibited at low SCK:DNA ratios and pre- 
vented when £60 DNA bp were bound per SCK. 
Digestion by Mspl In the presence of SCKs resulted 
in longer DNA fragments^ indicating that not all 
enzyme cleavage sites were accessible within the 
DNA/SCK aggregates. These results have implications 
for the development of vehicles for successful gene 
therapy applications. 

INTRODUCTION 

Biomimicry (1,2), which ichcs upon guidance from biology 
iind biulet;tiiiclogy in the design of novel synthetic or niil-ural 
mal.critils, is emerging as an cfTcctivc strategy in diminishing 
Ihc size of devices while muintaining their complex ftinctional- 
ily. Since the (lizc of many funclional biological stmcturcs falls 
in the 10-1 00 nm riingc, il is appropi iiUe to seek methods for 
preparation of funclional analogs within tlic newly developing 
field of nanotx'hnology. Herein, wc present a novel approach 
for mimicking; the basic features of globular prolcijis» such as 
then- ovcrdll size, shape and surface charge. Tliiii iipproach 
relics on self- assembly of Hmphipliilic synthetic di-blouk co- 
polymers into globular core shell nanostruc lures ^ folluwed hy 
scabilizLilion via covalent cross! inlying. Since cross linking 



occurs selectively within the shell of assembled polymer 
micelles, these novel constructs arc referred to as shell 
crosslinked knedel-likc (SCK) nanospheres. {Knedcl is a polish 
lenn for dumplings, having £i spherical shape and cort?-shell 
moiphology. For Synthetic nanomaterial.s of similar morphology 
sec 3.) Owing to their ainphipbilic coro-shcll morphology, 
SCKn belong to the same category as globular amphiphilie 
biological nanoslruc lures such as lipoproteins, viruses, globular 
proteins, elc.y in broad physieochcmical terms. These synthetic 
consti-ucts could pmvc to be important for biomedical appli- 
cations, particularly those involving gene delivery and expression. 

Handling of long DNA chains within the limited space 
available ix\ cells is facilitated by various eompticlion media- 
nisTrts (4-6). Several synthetic systems, including liposomes 
(7-9), linear polymcre (H),l 1 ), calionic lipid-peptoid conjugates 
(12), polymer micelles (13,14), dendrimers (15) and organic 
nanoparlicles (16-1 8) have been shown to bind DNA and provide 
protection against en^natic digestion. The non-paiticulate 
nature of liposomes and linear polymers apparently rcsulLs in 
the complexalion of UNA dirough non-spccifie eleelrostatic 
interactions leading to a heterogeneous binding character 
(R,9,I1). Polymer niicelles typically exist with diameters of 
lO- lOO nni and they possess a eorc— shell morphology that can 
contain cat ionic surface eharges» however, the mi cellar organ- 
ization is a self-assembled structure that can be easily 
deformed or destroyed during complexaiion with DNA due to 
the absence of covalent stabilization. Otlier known globular 
mauromolecuiar entities, such as dendrimers, are covalently 
bound macromolecules, but they are not readily synthesized to 
10 nm diameters (19,20). Previously studied organic nano- 
parlicles were typically »50 nm with broad size distributions. 
Herein, we report the interaction of DNA With stable, synthetic 
SCKs (shown schematically in l*ig, 1) of-'\5 nm diameter (3), 
which is ilitennediate between the sizes available for dendrim- 
ers and organic nanoparlicles. We also illastratc the elTeet of 
compaclion on the accessibility of DNA toward the action of 
digestive enzymes and show evidence of DNA release from 
the DNA/nanopartiele complexes, 

MATERIALS AND METHODS 

Maiterials 

DNA plasmid pf3R322, EcoRl, NI-Huffcr 1, NEBuffer 

2, pBR322 DNA digest and LambiLi IDNA tf^rEII digest 
were purchased Irom New l-ngland BioLabs (lieverly, MA) 
fin^l used as received. Tris base (Siigma), sodium acetate 
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|i|gur(2 I. Sthcmaiic rcprcscniaiiim ol ihc siicH uiusslinkcd kncdel-likc (SCK) 
nano.iphcrc. conlnining a crosslinkud, posiiivtsly oharp.cd, hyclrophitiu Sl**":!! 
layer sum>untlini' tlic hydrophobic core domain. The Sf'Ks artr prepared from 
assembly of bloct; cn-pnlymcni of pulystyccnc and /?-chIoronieUiylstyrcnc- 
quatcmized polyM-vinyl pyridine) into polymtir niicellcii, followed by 
crussliilkiilg throu'^h reiicliua Of ihc siyrcnyi moitlics lu^:altjd wiiiiin the .^hcll. 

(Si^rm). RDTA dihytlnite (Sigma) and agarose (Kisher) were 
used Hi receiv.jd. The experimental details for Ihc preparation 
of the SCK nanosphcrca iirt: described elsewhere (21), The 
SCK coniposii ion consisted uf fl polystyrene (PS ) core encap- 
sulated within a layer of poly (4- vinyl pyridine) (PVP) that httti 
been mjiitetiiizcd with 4-chlor<>mcd^ylstyrcnc to provide 
crosyl inking throughout ihc shell layer. The ratio PS:PVP was 
1:2, with 46% of the pyridyl nitrogens quatcmizcd by reticilon 
with 4-chloToincthyl5i(yiene (21). 

General procedure for the il^svagc nf pBR322 with EcoRi 
Id the prcRcnr^e of SCK 

Complexes A-C: were prepared by miAing I \i\ pBK322 (1 [1^5/ 
I , 3 or 5 |il SCK.S (8 x 10"* M) and I ^iJ liEfJbS (1 M). 
Total volumes were raised to 10 pi with doubly disiilied water 
if the restrictinn cn^ytne was not added. If restriction enzyme 
was to he added » the total volume was raised to 8.8 p. I with 
doubly distilled water and 1 ^1 lOx NEBuffer I and 0.2 pi 
Eco\<^ (20 000 U/rtil) were added. The samples were incubated 
at 37°C for 3 h> vacuum centrifugcd for -5 min and (i pi of 
2x gel loading; buffer were added. Samples were analy7cd by 
electrophoresis at 55-65 V for 2 -2.5 h with a 1% agarose gel 
in Ix acetate buffer. DNA was visuali7cd with elhidium bromide 
(1 fig/mlofeel). 

O en era] procedure for timed digestion experiments 

Complexes A-C were prepared at foiu* times the volume by mix- 
ing 4 \i\ pBK3;>2 (I ^ig/pl) with 4. 1 7. or 20 pi SCKs (8 X la^ M). 
Total volumes were raised to 35.2 p.l with doubly distil led water. 
An aliquot of 4 pi of IGx NBUuffer 1 was added it.i ench sample, 
followed by addition of 0,8 pi /tV:^?RT (20 000 U/ml). f he samples 
wcri; ineubatcd at 37"^ with aliquot^ removed at die spccificfl 
intervals. AfUir removal of the last aliquot, 6 pi ol'7.x loading 
buffer were jidvled to each sample. Sfamplcs were nTialy7ed by 
electrophoresis at 5S-65 V for 2-2.5 h with a VVn agarose gel 
in Ix ticc:Uite buffer. DNA wafi visualized with ethidium bromide 
(I p-g/ml of gi:l). ControlR were run on die same gel under the 
same conditions, Spot densitometry ot^the DNA on the gcl wns 



mad3 using the Mil sliarcware (nitnagc (http://Jasl.ninds.nih.gov/ 
pub/unix/ ), 

Cciierul procedure for the cleavage of pDK322 with Msp\ 
in tlie presence nf SCK 

Fonnalioti of complex A has been described. Complex D was 
prepared by mixing 1 p.l pBR322 (1 M^g/pl). 0.5 ^l SCK (8 x 
10 M) and I pi TTFPKS (1 M). "lota! volumes were nii.scd lo 
10 pi with doubly distilled water if ihc restriction enzyme was 
not added. If restriction en7yme was to be added, 1 pi of 
lOx NEBuffcr 2 was added to eaeh sample, followed by addition 
of 0.8 pi Msp{ (20 000 IJ/ml). The samples were incubatcU at 
37°C for 3 h, vacuum ccnlrifuged for -5 min and 6 pi of 2x gel 
loading buffer were added. Marker solutions consisted of 
1.5 pi of marker and 6 pil of 2x gel loading bulVer, Samples 
were analyzed by clecrrophnresis at 55-65 V for 2 2.5 h with 
a 1% agarose gel in Ix acetate buffer. DNA was visualized 
with cthidium bromide (I pg/ml of gel), 

Me;i!iurenient of melting curve of DNA and SCK/DNA 
cumplexcs 

Melting triinsi lions were measured upon aqueous solutions of 
DNA and an SCK/DNA complex with a molar ratio of 80:1. 
DNA melting curves were obtained in a Cary le at 260 nm 
with a heating rale of 5'''C/15 min (the tcmpemttire was raised 
5"C and allowed to equilibrate for 15 min) from 50 to 9()°C. 

Atomic force microscopy (AFM) of SCK/DNA complexes 

All AI'M observations were carried out with the aid of a Nano- 
scope TTl-M system (Digital In.stmmcnts, Santa Mnrhara, CA) 
equipped with a vertical engage J-sertnner. 1'he imaging con- 
ditionfi were as follows: TESP tapping mode silicon cantilevers 
(nominal spring constant 50 N/m, typical resotiance frequency 
in the range 250-300 kHz); cantilever oscillation amplitude 
0.5 V (non -calibrated signal); set-point corresponding to 95% 
of free oscillation amplitude- scan frequency 3 H7; integral 
gain 0.7, proportional gain 5.0 (inslrumcnl settings in arbitrary 
luiits). 

The sample was prepared by placing a 2 pi drop of solution 
containing DNA (10 pg/ml, 4.fi kb circular hicifera-se expression 
vector) and SCKs in 10 mM HEPl-S, 2 mM MgClz, pH 7.6, on 
a surface of freshly cleaved mica (New York Mica Company, 
New York, N V); after ^5 s, necessary for binding of the DNA 
and SCKs to the mica, the excess solution wfi.s washed away 
with 200 pi of ultrapure water and the sui-face was dried under 
a stream of nitrogen. 

Tapping mode imaging under buffer was performed using a 
standard contact mode fluid cell and 1 00 pm, wide legged, siUcon 
?iitiide cantilevers (nominal spring constai^t 0.58 N/m). The 
cantilever was oscillated by applying a sinusoidal voltage 
across llie /--direction of the scanner (22), which required 
minor modi lie ati on of die controller electronics, performed 
according to the manuliiciurer's instructions, liest results were 
ot^taincd when the cantilever was driven at a frequency range 
coTrcsponding to the broad ntaximum of c*4nii lever oscillation 
amplitude centered around 8 9 kHz (23-25). tmaging con- 
ditions were as follows: cantilever oscillation amplitude signal 
(un calibrated) 0.5-1.0 V; set-point corresponding to above 
90% oT free oscillation amplitude; integral and proportiotval 
gains 0.3 and 2.0 (in.strumcnt settings in arbitrary units); scan 
frequency 1 -4 Hz. 
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Samples for Jnaging under liquid wcrt prepared in a 10 mM 
lH:;i'h:S, 1.5 mM ZnCl^, pH 7.6, bum-r. A 30-^0 drop ot 
SCK-DNA stilution was plticcU directly on (He working 
surface of a Huid cell, which was ilicn positioned on the 
scanner. Imaging was earned uul aficr several minutes, which 
was necessary for cquilibiadon of the sohidon in contact with 
the mica. 

Dynamic Hghi scHMering (DLS) ol SCK/DNA complexes 

t he DLS instriimcnlalion was a Brookhaveiv liistnimcnts Co. 
(HoUsville, N V) system contiiining ti \\\kA<^\ HI-200SM gonio- 
meter, a mode! >:iMI-y8<'i5 photuinulUpliei and a model D1-900OAT 
digital correlator. Incident light was provideil by a model *)5-2 
At ion laser (L:xel Corp., I'alo Alio, CA) operated at 514.5 run. 
All measurements were made ai IN ior to analy^iis, solutions 
were centrifuge J iiia model 5414 micToriij^e (Biinknian Instriimcnl. 
Co., Wcslbury, NY) for 6 miii lu sediincm dust. 

ScattcTcd ligllt was collected at a fuoii ajiglc of 90°. The digital 
coTTclalor was operated with 200 channels, a dual sampling 
lime of lOO ns, a 5 ^i,s ratio channel .spacing and a duration ot 
5 min. A photomultiplicr tipcrlure of 200 p.m was used and the 
incident laser inlensity was arijustcd to obtain a plu:)t4:>n counting 
rate of 83 000 cp.s. Only mcasureinculs in which measured 
and calcolatejd basclincii oflhc intensity autocorrelation function 
agreed to within 0. 1% were used to calculate particle size. The 
calculation ol paiticlc size distribution <ujd di^tcibution averages 
was performed with the IS DA software package (Brook haven 
Inslmmcnts Co., Iloltsvillc, NY) which employed single cxpo- 
ncnlial tlftlng, cum ul ants analysiii and non -negatively con- 
strained IcHiil uquaics particle size dislributior* analysis 
routines (26). 

RESULTS AND DISCUSSION 

SCKs, which are essentially stabilized polynici inicelles, arc 
constructed by a conibinntiun of covalcnt and non-covalcnt 
interactions to readily build up spherical polymer nanopaiticles 
of the appropriaie size and chemical composition for inter- 
action with DMA. I he SCKs are prepared in a iJuec-step process, 
including: (i) the synthesis of a linear amphiphilic block co- 
polymer; (ii) :.cU-assembly into spherical micelles in aqueous 
solution; (Hi) stabiliiuttion by iiiUar»u cellar crosslinking ol 
functionalities located within the shell domain. Tt»c SCKs used 
in this study consisted of hydrophobic TS cores and 
hydrophilic, crossl inked ;/-chloromcthylstyTcnc-c|uaternizcd 
PVP shells (21). SCKs prepared from polymer chains of 
20 700 Da molecular weight and a ratio of PS:P VP repeat units 
of 1:2 have a solid-state diameter of \) x 3 nm and a hydro- 
dynamic diameter of 1 6 ± 2 mn, determined by AFM iind Dl/S, 
respectively, '"he positive ciiarges, an average of 500 per SCK, 
are located throughout the several niinojnetcr thick shell, so 
that all cations arc not expected to be accessible fur strong 
interaction with the DN A phosphate csler anions. 

The aggregation of DNA with SCKs was studied by a com- 
bimtlion of ATM (27,28), OI.S and cnzymaiic diiicstion exper- 
iments. Initial evidence of ai.lhes(vc interaction between SCKs 
and plasmid DNA was obtained tirom A I'M observations of 
dehydrated samples adsorbed oi> mica, which revealed the 
presence of bulky aggregates of die SCKs with partially 
exposed scgir.cnts of unbound DNA (Fig. 2), These aggregates 
markedly differed frotn aggregates of SCKs on mica in die 




Fi^urv 2. Tapping mode Al'M tmiiiit: of PKA/SCK. iigi;n:gules Jficd pn the 
sLirriitc uf mica, dcmon-iiratinE SCK/DNA binding with mninteiianct; at' the 
SCK size and sh-ipc. Strme regions cxblbir unbound DNA, whjleolliuis ilisplay 
SCKs bound iilong the DNA in u similm fiishlon as previously ubKrrved in 
A KM iTntiueii oTclirn matin (31). 



absence of DNA. Typical moi phologics of aggregates of free 
SCK.s, depending on conctsntration of staiting solution, langed 
from scattered single particles (26) through monolayer patches 
(3) to uniform iilm.s (data not shown). It is importtinl 10 note 
thai SCKs in complex cs willi DNA maintained their original 
sizt*. and shape, Howcvct, the supci coiled form of the DNA 
appears to have been perturbed in some regions, Fnrlhcr 
confirmation of the supercoiling perturbation of plasmid 
coniplcxcd with SCKs was obtained from the UV/vIs spectro- 
scopic studies of DNA melting; thermal denaturation of the 
plasmid alone occurred at 73"C:, whereas the melting temp- 
erature of the DNA was lowered to VO^'C in Complex B. 

Fvu'ther insights into the n)echanism of compaction were 
obtiincd from in situ AFM experiments earned out under solution 
with increasing ratios of SCK:DNA plasmid (pBR322, 
4361 bp). As illustrated In Figure 3A, al a SCK:DNA molar 
ratio of 20:1 (as in Complex A) the majority of DNA was still 
in the unbound supcrcoilcd slate. This can be understood by 
bearing in mind (hat despite the larjt;e molar excess of SCKs at 
this stoichiomeiry. the charge ratio between SCK and DNA 
plasmid just reaches the value of I : I . (I he ratio of charges is 
determined from the /j-chloromethylstyrenc qualernization 
extent of the PVP SCK shell mtUerial, which gives cationic 
sites, and as<;uming two negative charges per base pair.) At 
higher SCK: DNA molar ratios, mure compact completes, such 
as those shown in Figure 3B (globular aggregste with some 
1:jNA loops si.ill visible outside) and in Figure 3C (globular 
complex with no DNA visible) were observed. 

DKS measurements (29) confirmed that the SCK/DNA 
aggregates formed while in solution and provided for 
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Hgure ^. fn situ t upping r'lwli: aFM iniaf>c.s of aggrcgnles ofSCK-t with DNA 
<pMR322, 4^01 hp) m(sorl«ji,i on froshly cleaved niku anil visiiAliTCcl luidcr 
buffer (10 niM M.iil'ES. 1 .5 niM 7^^r.\. pH 7.6). (A) SCK boiiml tnthc plasmiiJ 
DNA (2 nM St:K;, 0. 1 ilM DNA, mnlarralio ils in complex A: sec Table 1 ); (U) 
a glob\ilar aRKregate with loops of ISNA siill viaible; (8 iiM SCK, i)J nM 
DNA); ■) laTK^ SCK/ONa aggrcj;a!e wilh no ideniiftablc r>NA (8 nM SCK.. 
0,1 tiM DNA). Tlic pTcsvnec of Zn^ in the buller uscj fur in siiu imaging was 
npCifSsaiy to facilinile airnclimcnt nf DNA/SC'K. cuinplexes to niica (32). Id 
control cxpenmc.115 with DNA akmc, in whicli ^^'CflVcrhinriinB Mg^' Wl\s use<1, 
DNA was obsei'v;<1 tn change posiliun m\ tlie surface from scaji \u i;cail. Uridcr 
Similar LondilLons, comply e*. uj' b'CK^ with DNA were buuud to rJic ?urfact: 
more wtakly ihiii i DNA alone and their bulky character made ihem mor* sus- 
ceptible to diNpl:'t=«'»c:iit Isy the AI'M lip. 

dc(crnMr»ation of Ihc average diameter values for tl'ie aggrc^lesi 
(1able I). The mean volume-weighted hydrodynarnic rii;i- 
mctcrs incrcKscd by at least a foctor of four (^5„,yr),„sc}c) 
I lit each of 1>tc complexes in compiiri.soti to SCK, suj^gestiiig 
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FiCiire 4. Complcxation orpDr022 With SC:iC ciffcn: proteclion froin Kr.nRi 
digestion. The DNA and DNA/SCK complexes (A-C;) were iiiciibptcc) for 3 h 
ul jrC in the absence (lanes 1—4) iliVd prcscnec flancs 5-S) u/ fctoftl. 



thai thti inleractions between DNA and SCK. produce- com- 
plexes that are multiincric in SCK. 

The hydrodynamie diameter disiribution of the DNA used to 
prepare SCK/DNA eomplexes was also ehanieLcrized by ULS. 
UniiVe the SCK. cotnponeut of the eomplexes, the diameter 
distribution of the DNA component w^as extremely broad. The 
broad size range of DNA molecules apparent in the DLS 
results is consislent with the heterogeneity found in clcctro- 
phnrcsis gels of the DNA; the plasmid iind its cleaved forma 
are observed and each is expected lo adopt many confor- 
mations tliat are non-spherieal and that can lead to a continuous 
size distribution rather than discrete entities. Diameters ranged 
from 15 to >3000 nm, with a calculated intensity-weighted 
mcdn diameter of 562 nm. In contrast, diameters of all the 
SCiC/DNA complexes were <30a tun (Tabic I) and of lower 
siz<3 dispcrsity. 

The accessibility of the UNA within the SCK/DNA complexes 
was evaluated by enzyme digestion experiments, using a 
restriction cndonuclease, EcoRJ, and was found to be dependent 
on the extent of «iggregation. As illustrated in Fi^^ure 4> the 
DNA/SCK complexes arc destroyed during gel cleclrophoresis 
(lanes 2—4) and unbound DNA is observed, which provides a 
method for analysis of DNa cleavage imder the action ol 
enzymes. 11 is important to note ihtil this release of the DNA, 
which is a prerequisite for gene therapy applications, is unique 
10 SCKs. Haeh of the previously studied systems listed above 
have shown binding to DNA, but no apparent release of the 
DNA» observed as reduced DNA mobility upon gel electro- 
phoresis. Upon incubtition in the presence of BcoR\ for 3 h at 
37"r, the unbound DNA and the loosely bound DNA/SCK 
compU-x (Complex A) allowed for complete cleavage of the 
supercoilcd plasxnid to an open linear form (lanes 5 and 6, 
rcspcclivcly), whereas Complexes H and C ollered protection 
ki ihft DNA (lanes 7 aild 8, respectively). 

Timed digestion experiments revealed that while all SCK/ 
DNA complexes inhibited DNA cleavage, inhibition time 
incTCiiiied with an increase in the molar ratio of SCK: DNA. 
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I'atole t . SCK/D.SA Luiiii.»Ii;jiiis srudicd and the hydroJyriAmic diaincttT diyinbuiiim ilata fmm dyniimic lijiilu scattering* 



Complex 


>4olar ratio 


(."hiiigc mtio 


Busc puirs 
















(5CK:DNA) 


(S{:K.:UN/\) 


per SCK 


(nriL) 




(inn) 


(vol%) 
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»An meu.suirineilts were miide ul lifC uiid leportcd .hyrirmlynnmii; diiuueleis rtnci volnmc % art rneuii values or two dctcnninalioLis. 
i^niamctcr distrnulions were calculultd frujn aitloconctMion funulicms uf Vight scattcTing intcn«Uicii using a multiple pa.ss mm-neyaUvely constrained 
squares liUinif (l^NLS) algorithm in Ihe ISUA iollware package from Bniukhaven l]l;;tnimcnt.s Co. (Ilollsvillc. NY). A Liiiiu>1al distribution of panicles 
observed, wilh t'iiUlieters />, and D-, for volume IhicUuiis k'j ;iiid Vi- 

"^Dnj in U)e vctluir c-avteTUged uieuu pm licit ui agg.ie^^atc diameter, culculnlvd - (O^-l^ + Z>2 i^VCi ' *'^)- 

■'^''m/^Vsfit '^.ii valutas for the complexey versus tdv ^J,„ value of the SCli, where j - A, B or C. 




W 1») 1W TiThg ifiM\) 





Ft^ittv 5. CIcivTiKc orpUlC22 by ZTuiRI is inhil:titeri at low SCK. umienl iirid is piv- 
venwd at high SCH Lunltinl, (A) Complex A incubatctl with EcoRl tui- 0 IS0 1 nil), 
Cluflviif.ii nf all DNA ocmn-rd by fiO min. (B) Complex C inLuibEiicil wlUi 
/•"roRI for 0 lyO min. No mriastiCiihle cleavage producLs arc observed. 



Digestion wa^ entirely prevented at the SCKiDNA moliir ratio 
of 70: 1 (60 bp per SCK). Representative gels for the digestion 
experiments \v'\ih low iind high SCK. content iirc shown in 
Figure 5. l-or Complex A, the disappearance of the supercoiled 
DNA plasmic:. eorrcSiponds to the appcaranee of the cleaved 
IINa (Fig. !iA). Fn contrast, fur Complex C (Fig. 5B), 
disappearance of Supercoiled DNA does not lead to an increase 
in the amouni. of cleaved DNA, instead, at longer ineubalion 
times extensive iiggregation of residual material in the well is 
observed. 

Fvirthcr evidence for protection of SCK-eompHcted r)NA 
wa5 obtaincc with Mspl, a restriction endonuclcase that 



Tit^iire 6. A portion of .sites tire not aixcyail^le Irt flriTymatic digcKlion whcrt Ihe 
ditjcslion is performed with M,^p\ (u rcsUiClion endoiuicIca,w thai cleavts 
pDR322 at 26 sites) upon pHR322 in Uk presence of SCK.*;. Kvun wilh a ISO min 
incubation time, cleavage is prevented lui' Complex A (lane 7). Cleuvuye ofUte 
L)N/V of Complex D (SCK; DNA molin mLio 1 2: 1, charge raticm 0.7:1) rvsu\is 
in less tKlbn.slv&ly traBnicntcd DNA (lane <i) Utvu* found tor Mspl digeslion of 
pUl022 williout the SCK nanopartielwi present (tune 5). I.anc 1 is Ihc murker 
pDn322 DNA Mxp\ diKcsluntl lane 6 is; die marker l ambda UNA i/j/iil digest. 



cleaves pHK322 at 26 sites. At ?>CK:IJNA ratios aial provide 
for inhibition but still allow for pailial HNA digesliun, ilic 
lengths of the majority of DNA cleavage products were 
sli^iitly larger than 702, 1371 and -3675 bp (Fig. 6, lane 6), 
whsrcas unprotected DNA was cleaved into length.s of S622 bp 
(Fi.g. 6, lane 5). Tlic increased lengths of the degradation prod- 
ucts is expected to result from interaction of the DNA with the 
SCKs, thus limiting the number of sites that are accessible to 
the eitzyme, and is perhaps an indication of a selective binding 
mode. 

Wc have demonstrated that syntlietic functional nano- 
stmcluTcs iJiat are designed to exhibit just the basic physico- 
chemical attributes (size, shape persistence andsuriace charge) 
of proteins involved in DNA compaction can effectively 
compact DNA and protect it from enzymatic digestion. 
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Importantly, thcise novel constructs maintain their size and 
shape upon complexarion and (hey are also capable ol 
rclcusing the IDNA, in Hntitoey with biological sysLem-s. The 
observed proitfction of SCK compaulcd 1>N A can be explained 
a» nn cITect of enclosure of DNA within the bulk of aggregates, 
iixpei iments vilh short, linear DNA fra^icntiJ Hre expected to 
rcvci+1 whether SCKs arc cHpable of binding and prolccling 
IDIsl A by a incohanism that involves sdcclivt: bindii^g at a sin- 
gle panicle level, which would make (htrm even closer mimics 
of DNA compacting proLeinii sucii as histoncs. SCKs show 
promise as s>Tithetie nutiopaiticulatc compacting agei^s fot 
control of DNA accessibility and may find applications in gene 
transfcciion and expression. They oFFei- the additional unique 
advantages of a wcll-delintd structure and modiliable surface 
chemistry (3) :o target site-specific delivery routes. 
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